Deacetoxy/deacetylcephalosporin C synthase (acDAOC/DACS) from Acremonium chrysogenum is a bifunctional enzyme that catalyzes both the ring-expansion of penicillin N to deacetoxycephalosporin C (DAOC) and the hydroxylation of the latter to deacetylcephalosporin C (DAC). Three residues N305, R307 and R308 located in close proximity to the C-terminus of acDAOC/DACS were each mutated to leucine. The N305L and R308L mutant acDAOC/DACSs showed significant improvement in their ability to convert penicillin analogs. R308 was identified for the first time as a critical residue for DAOC/DACS activity. Kinetic analyses of purified R308L enzyme indicated its improved catalytic efficiency is due to combined improvements of K m and k cat . Comparative modeling of acDAOC/DACS supports the involvement of R308 in the formation of substrate-binding pocket.
Introduction
Cephalosporins are b-lactam antibiotics widely used for the clinical treatment of bacterial infection. The first committed step of cephalosporin biosynthesis in fungi is the ring-expansion of penicillin N to deacetyoxycephalosporin C (DAOC) catalyzed by the bifunctional enzyme deacetoxy/deacetylcephalosporin C synthase [1] , which also catalyzes hydroxylation of DAOC to deacetylcephalosporin C (DAC) [1, 2] . In prokaryotes, DAOCS and DACS are individual enzymes encoded by separate genes that are apparently homologous [3] .
These enzymes are iron(II) and 2-oxoglutarate dependent dioxygenases, related to a family of non-heme oxygenases [4] that include IPNS (isopenicillin N synthase, not 2-oxoglutarate dependent) [5] . Engineering of DAOCS became attractive after the realization that it could lead to improved biosynthetic process for the key intermediate of semi-synthetic cephalosporins, 7-amino-deacetoxycephalosporanic acid (7-ADCA) [6] [7] [8] . Streptomyces clavuligerus DAOCS (scDAOCS) was first recognized to possess broad substrate specificity (converts substrates other than penicillin N, e.g., penicillin G) [9] and became the major target for research and engineering [6] [7] [8] [10] [11] [12] . However, DAOC/DACS of eukaryotic origin is also interesting in being bifunctional and more adapted in its eukaryotic host. Understanding of the catalytic mechanism of DAOCS has been greatly advanced by recent structural and mutational analyses of scDAOCS [13] [14] [15] [16] . Residues involved in catalysis and substrates binding have been identified. Those important for prime substrate (penicillin N) binding include R160, R162, R266 and N304 [6, 14, 17] . The C-terminus of scDAOCS was proposed to modulate the entry and release of substrates, and to co-ordinate catalytic reactions [14, 18] . Modifications of various C-terminal residues in the scDAOCS affected both catalytic efficiency and substrate specificity to different degrees [6] [7] [8] 12] . A recent study of Acremonium chrysogenum DAOC/DACS (acDAOC/DACS) [19] also implicated its C-terminal residues (N305 and M306) in substrate selectivity and/or catalytic specificity.
Here we report targeted mutations of N305, R307 and R308 of acDAOC/DACS, and try to compare the relative importance of these residues in controlling substrate specificity and enzyme function. Our results indicate R308 of acDAOC/DACS, not previously identified, is a key residue for the engineering of DAOCS. Comparative modeling of acDAOC/DACS with scDAOCS provides additional support to this conclusion.
Materials and methods

Materials
Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich or Fluka. HPLC-grade solvents were purchased from Dikma. G-7-ADCA and 6-APA were provided by Associate Professor Guan-Zhu Xu, Institute of Microbiology, Chinese Academy of Sciences. Escherichia coli Ess strain was provided by Professor Arnold L. Demain from Drew University, New Jersey, USA. Primers were synthesized by Runbio, Beijing, PR China. Restriction enzymes, T4 DNA ligase and Pfu DNA polymerase were purchased from Promega or Takara. Penicillinase was purchased from BectonDickinson. QuikChange Site-directed Mutagenesis Kit was purchased from Stratagene.
Construction of recombinant expression vectors
The acDAOC/DACS encoding gene was previously amplified from A. chrysogenum CGMCC 3.3795 and cloned into pGEM-T vector [20] . Its sequence differs from the reported acDAOC/DACS gene by three nucleotides (31G versus T, 388G versus A, 948G versus A) that result in two amino acids alterations (11D versus Y and 130A versus T). Primer pair (5 0 -GTACCATATGACTTC-CAAGGTCCCCGTC-3 0 and 5 0 -TAGGATCCCTAAG-TGGCTATAGGAGC-3 0 ) was designed to amplify the WT acDAOC/DACS gene from the T vector template. PCR amplified products ($1 kb) were purified from agarose gels and digested with NdeI and BamHI. The digested fragments were ligated into the corresponding sites in pET30a(+) expression vector to give pET-CE. The constructions were confirmed with restriction digests and sequencing. 0 . Mutated codons are underlined. They were designed to substitute the codons of N305, R307 and R308 to that of leucine. All mutant constructions were verified by DNA sequencing.
Expression and purification of WT and mutant DAOC/DACSs
A single colony of E. coli BL21 (DE3) transformant containing either WT or mutant DAOC/DACS genes was inoculated into LB (5 ml) supplemented with 50 lg kanamycin ml À1 . The cultures were grown at 37°C and 240 rpm overnight, 1 ml was inoculated in 100 ml of the same media and grown until OD 600 reached 0.6. Then IPTG was added to give a final concentration of 0.7 mM and the cultures were incubated for another 3 h at 30°C. Culture flasks were put on ice for 5 min and cells were harvested by centrifugation at 6000g for 5 min at 4°C. Cell pellets were washed and resuspended in 5 ml buffer containing 50 mM Tris-HCl (pH 7.4) and 1 mM dithiothreitol (DTT). Cell suspension was sonicated (JY92-2 D sonicator, Zhenjiang, P.R. China) and the solution was centrifuged at 18,000g for 15 min at 4°C. Supernatants were collected as cell-free extracts, and their protein concentrations were determined by the Bradford assay with bovine serum albumin as reference [21] .
The expressed DAOC/DACSs were purified using a procedure similar to that of Lloyd et al. [19] . Cell-free extracts were first loaded onto a DEAE-Cellulose A-52 column (2.5 · 30 cm) equilibrated in buffer A (50 mM Tris-HCl, 1 mM EDTA and 1 mM DTT, pH 8.0) at 1 ml min À1 . The column was washed with 200 ml buffer A and eluted with a 100-600 mM NaCl linear gradient. The enzyme fractions were collected and concentrated to 5 ml before loading onto a Sephadex G-75 column (1 · 120 cm) equilibrated in buffer B (100 mM Tris-HCl and 1 mM DTT, pH 7.4) at 1 ml min À1 . The active fractions were collected and concentrated into a final volume of 5 ml.
Enzyme assays
The conditions used are similar to that of Cho et al. [9] . The ring-expansion activity was assayed in 1 mM DTT, 1.8 mM FeSO 4 , 2.56 mM a-ketoglutarate, 4 mM ascorbate with 5.6 mM penicillin G as substrate in a final volume 500 ll. Samples were incubated at 30°C and 150 rpm for 1 h and the reactions were terminated by adding 500 ll methanol. The hydroxylation assay was performed under the same conditions as described above, except phenylacetyl-7-aminodeacetoxycephalosporanic acid (G-7-ADCA) was used as substrate.
Bioassay of penicillin conversion
Bioassay of penicillin conversion was performed using a procedure similar to that of Cho et al. [9] . The diameters of growth inhibition zones were measured and converted to concentrations of G-7-ADCA or other analogs with a calibration curve made using known amounts of G-7-ADCA as standard.
Spectrophotomeric assay of penicillin conversion
A method similar to that reported previously by Baldwin and Crabbe [22] was used. Measurements were made on Shimadzu UV-Visible spectrophotometer BioSpec-mini (Kyoto, Japan). All penicillin analogs were scanned from 200 to 600 nm, and showed minimal absorbance at 260 nm, their ring-expansion products were expected to absorb strongly at the same wavelength. For example, G-7-ADCA showed a strong peak at 260 nm.
HPLC analyses
A Waters 717 system with a Waters 2487 dual k UV detector and a Phenomenex C18 column (3.9 · 300 mm) was used. Separation was performed at conditions similar to that of Chin and Sim [7] . The total run time is 28 min. Ultraviolet (UV) detection was performed at 220 and 260 nm. The retention time of G-7-ADCA and penicillin G is 22.6 and 23.5 min, respectively.
Kinetic analyses
Kinetic parameters of purified WT and mutated enzymes for penicillin G conversion were determined using similar procedures as described for enzyme assay except the reaction time was 20 min. The concentrations of penicillin G varied from 0.2 to 10 mM when the amount of enzyme was kept constant at 0.2 mg ml À1 . The kinetic parameters were calculated using an Eisenthal-CornishBowden direct linear plot [23] .
Silica gel thin layer chromatography and mass spectrum analyses
A solvent composed of chloroform:methanol:acetic acid:water at 20:2:0.4:0.4 ratio was used to separate penicillin G (R f = 0.66) and G-7-ADCA (R f = 0.39). Reaction samples were spotted on to TLC plate and developed for 30 min. ESI-MS was performed on a Finnigan LCQ DecaXP ion trap mass spectrometer (Thermo Finnigan, San Jose, CA, USA). Penicillin G, G-7-ADCA and reaction samples from TLC were injected and scanned from m/z = 100 to 500 in negative ion mode at a flow rate of 5 ll min À1 (spray voltage 3.0 kV; temperature of heated capillary transfer 160°C). The calculated molecular weights of penicillin G, G-7-ADCA and G-7-ACA are 334, 332 and 348 Da, respectively.
Comparative modeling of acDAOC/DACS with scDAOCS
The structure of acDAOC/DACS was modeled by SWISS-MODEL (http://swissmodel.expasy.org/) using default parameters [24] , with the structures of scDAOCS (PDB code: 1DCS, 1RXG, 1UNB, 1UO9, 1UOB) as templates. A modeled structure of acDAOC/DACS in complex with penicillin G was generated by superimposing the former model onto scDAOCS (PDB code: 1UOB) by the program MOLMOL [25] , the backbone atoms of 40 residues within 5.0 Å radius of penicillin G (taken from 1UOB) was used to co-ordinate the positions and orientations of the substrates relative to the backbone atoms.
Results
Expression and purification of WT and mutant DAOC/DACSs
The plasmids bearing WT or mutated genes were transformed into E. coli BL21 (DE3). The expressed WT and N305L, R307L and R308L mutant DAOC/ DACSs were isolated as cell-free extracts and analyzed by SDS-PAGE ( Fig. 1(a) ). None of the mutations affected the expression of acDAOC/DACSs. High levels of soluble DAOC/DACS proteins ($30% of total soluble protein) were obtained as judged by SDS-PAGE. The enzymes were purified using DEAE-Cellulose column and Sephadex G-75 column to >90% purity ( Fig.  1(b) ). The concentrations of each purified protein were about 2-3 mg ml À1 as determined by Bradford assay.
Kinetic parameters of purified WT, N305L, R307L and R308L enzymes were determined using penicillin G as substrate by HPLC ( Table 1 ). The K m of the WT acDAOC/DACS (Table 1 ) was significantly higher than that of R308L and N305L, indicating R308L and N305L have better affinity for penicillin G. The k cat of R308L was also 1.66 times higher than that of WT enzyme. As a result, the k cat /K m for the ring-expansion of penicillin G by the R308L enzyme improved over that of the WT enzyme by ca. 3.69-folds. The k cat of N305L was similar to that of WT enzyme and the k cat /K m for the ring-expansion of penicillin G by the N305L enzyme improved over that of the WT enzyme by ca. 1.51-folds. The kinetic parameters of purified WT and R307L were almost identical.
Penicillin analogs conversion measured by bioassay and spectrophotomeric assay
The relative specific activities of purified enzymes in the conversion of various penicillin analogs were determined by bioassay (Table 2a ). The data were summarized from at least five independent experiments. Both N305L and R308L showed significant enhanced ability to convert penicillin analogs compared to the WT enzyme. R308L showed the most significant improvement of 516% for penicillin G conversion by bioassay (430% improvement by HPLC, Table 3 ). The specific activity for penicillin G conversion was measured by HPLC (Table 3), results were similar to those obtained by bioassay. None of the enzymes was able to convert 6-APA. R308L showed broadest substrate range and most improved catalytic activity, and was able to convert all analogs tested at higher efficiency except 6-APA. In contrast, R307L showed least effect on enzyme activity and substrate specificity.
The accuracy of bioassays is compromised, due to intrinsic factors and also the fact that the cell inhibitory Kinetic parameters were determined in 1.0, 1.5, 2.0, 3.0, 4.0, 6.0, 7.0, 10.0 mM of penicillin G. a All kinetic parameters shown are the means ± SE determined from three independent experiments analyzed by HPLC. a The DAOC/DACS specific activity for penicillin G conversion, defined as nmol G-7-ADCA formed per min per mg enzyme, could be expressed as actual values; the specific activities for other substrates were only expressed as relative numbers calculated from inhibition zone diameters produced by mutant enzymes (each penicillin analog was provided at 10 mM in assay mixture) relative to the zone diameters produced by the WT enzyme. The results shown in this table are averages calculated from at least five independent bioassay experiments. NC, no conversion. a The DAOC/DACS specific activity for penicillin G conversion, defined as nmol G-7-ADCA formed per min per mg enzyme, could be expressed as actual values; the specific activities for other substrates were only expressed as relative numbers calculated from comparative absorbance values at 260 nm of mutant enzymes (each penicillin analog was provided at 10 mM in assay mixture) relative to that of the WT enzyme. The results shown in this table are averages calculated from at least five independent experiments. activities of the ring-expansion products vary with the side chain present [10] . To verify the bioassay results, a more sensitive spectrophotomeric method was used to measure penicillin analog conversion (Table 2b) . Data were summarized from at least five independent experiments. In spectrophotomeric assay, all mutant and WT DAOC/DACSs exhibited broad spectrum penicillin analogs conversion ability, the conversion of amoxicillin and 6-APA was detected, which was not observed by bioassay. Overall, both bioassay and spectrophotomeric assay showed similar trend, reflecting the significant enhanced ability of N305L and R308L to convert penicillin analogs compared to the WT enzyme. Activity of R307L is not significantly higher than the WT.
Characterization of the G-7-ADCA hydroxylation activity of acDAOC/DACSs
WT DAOC/DACS is a bifunctional enzyme that catalyzes hydroxylation of DAOC to DAC beside ringexpansion of penicillin N. Lloyd et al. [19] reported ca-DAOC/DACS and its mutants were able to hydroxylate G-7-ADCA (ring-expansion product of penicillin G) to G-7-ACA (Fig. 2) . We examined the WT and all mutant acDAOC/DACSs on their ability to convert G-7-ADCA by TLC, HPLC and ESI-MS. In the ring-expansion assay, penicillin G was converted to G-7-ADCA with a clear mass signal at 332 Da, however, the mass signal (348 Da) corresponding to that of G-7-ACA is absent. In the hydroxylation assay with G-7-ADCA as substrate, a weak signal at 348 Da could be observed by ESI-MS. These results indicate acDAOC/DACS and its mutants possess low activity to hydroxylate G-7-ADCA, but the activity was only observed when G-7-ADCA is present in excess. The trace amount of G-7-ACA detected prevents further analyses. A better assay for DAOC/DACS hydroxylation activity should employ its natural substrate, DAOC. Fig. 3(a) shows the backbone superimposition of the modeled acDAOC/DACS (yellow) with scDAOCS (PDB code: 1UOB) [16] indicates a highly conserved fold. Except for two loops in DAOC/DACS (residues 79-96 and 167-177) which are missing in the crystal structure of scDAOCS, the superimposed structures show root mean standard deviation (RMSD) of 0.94 Å for all Ca and 0.92 Å for all backbone atoms.
Comparative modeling of acDAOC/DACS with scDAOCS
A hydrophobic substrate-binding pocket was identified in this structure model, which contains residues F165, M181, V193, L205, F226, V246, V263, F265   Fig. 2 . Penicillin G ring-expansion and putative G-7-ADCA hydroxylation reactions catalyzed by DAOC/DACS. G-7-ADCA, phenylacetyl-7-aminodeacetoxycephalosporanic acid; G-7-ACA, phenylacetyl-7-aminodeacetylcephalosporin C; 2-OG, 2-oxoglutarate. a Values given are the means ± SD. Relative specific activity of each mutant enzyme is expressed as the percentage of the specific activity of the mutant enzyme relative to that of the WT enzyme at 100%. and M306 (Fig. 3(b) ). The distances between the C2 atom of penicillin G and the sidechains of these residues were calculated to be in the 4-9 Å range, within the distance for strong hydrophobic interactions.
Discussion
7-ADCA is the starting material for many semi-synthetic cephem antibiotics. A direct fermentation process for G-7-ADCA followed by enzymatic removal of its sidechain is a promising strategy to produce 7-ADCA [11] . This process demands on an engineered DAOCS with altered substrate specificity.
Modifications of the C-terminus of DAOCS have proven to be an effective approach to generate desired changes in enzyme activity [6] [7] [8] 12, 17, 18] . Among the C-terminal residues of scDAOCS, N304, I305, R306 and R307 were targeted for modifications [6] [7] [8] 17] . Mutational studies on R306 and R307 showed that both residues are important for enzyme activity [7, 17, 18] . R306L and R307Q showed 4-6 times higher K m /k cat over WT scDAOCS on penicillin N; but their catalytic efficiencies on penicillin G were either increased (R306L, 1.6 times) or severely reduced (R307Q, 8.9 times) compared to the WT [17] . Upon close examination, our kinetic data are actually consistent with previous results, R307L like R306L showed slightly improved K m /k cat while R308L in contrast to R307Q showed much increased K m /k cat on penicillin G. Similar to previous findings, Lloyd et al. [19] reported that the C-terminus N305 (equivalent to N304 of scDAOCS) of the eukaryotic acDAOC/DACS is important for enzyme activity. Interestingly, a single residue, M306 specifies the acD-ACS hydroxylation activity (also the low hydroxylation activity toward G-7-ADCA, an unnatural substrate), this result is confirmed in this study.
So far, a structure of DAOC/DACS is not yet available. But since it is highly similar to scDAOCS ($57% amino acid identity) [3] , a structural model of DAOC/ DAOCS could be constructed with confidence. The superimposition of the modeled acDAOC/DACS on scDAOCS indicates a highly conserved fold (Fig. 3(a) ). The substrate-binding pocket of DAOC/DACS was shown in Fig. 3(b) . The sidechain of R307 extends out of the substrate-binding region, while those of N305, M306 and R308 point toward the substrate. Therefore, only 3 C-terminal residues (N305, M306 and R308) were predicted to be potentially involved in substrate binding and catalysis, with R308 occupying the strategic entry and exit opening. These predictions are consistent with mutational analyses reported here and by other people. Both N305L and R308L mutations are expected to increase the hydrophobicity and influence the size and shape of the substrate-binding pocket, thereby induce beneficial effects on substrate selectivity and catalysis. The distance between penicillin and the sidechain of R308 is about 12 Å , longer than the distance (4-9 Å ) predicted for other residues. However, R308 is one of few residues (unpublished results) predicted to sit on the edge of substrate-binding cavity, and may control the rates of substrate entry and product release, therefore, it could have a direct impact on k cat of the enzyme. Taken together, our results confirm the importance of N305 and further identify R308 as a critical residue for DAOC/DACS functions.
In this study, K m and k cat of WT acDAOC/DACS for penicillin G were determined to be 7.10 mM and Structure of the modeled substrate-binding region of acDAOC/DACS in complex with penicillin G. The ferrous ion was displayed as an orange colored ball. Penicillin G was orientated so its dimethyltetrahydrothiazole ring points upward. The C-terminal residues 300-309 are colored in green. Hydrophobic residues identified in the substratebinding pocket and mutated residues are marked in deep pink and labeled with black numbers. Sidechains of C-terminus N305, M306 and R308 point toward the substrate are predicted to influence substrate binding and catalysis; in contrast, R307 extends out of the substrate-binding site should have minimal effect on enzyme activity. 0.077 s À1 , respectively, similar to those reported by Lloyd et al. [19] (K m of 6.04 mM and k cat of 0.073 s À1 ). The K m of N305L (4.51 mM) for penicillin G determined in this study is much higher than that reported by Lloyd et al. (2.41 mM), while the k cat values are almost identical (0.074 s À1 here versus 0.079 s À1 before). The K m values of DAOC/DACSs for penicillin G are significantly higher than that of scDAOCS (6-7 mM versus 1-3 mM) [8, [17] [18] [19] . This maybe due to the fact that DAOC/DACS is a bifunctional enzyme so the ring-expansion product, G-7-ADCA, instead of leaving the active site, could remain bound to the enzyme and inhibit DAOCS function.
The relative low k cat of DAOCS (compared to hydrolases) is typical for enzymes with complex reaction mechanisms. For the natural substrate, penicillin N, K m of 0.014-0.036 mM and k cat of 0.02-0.3 s À1 determined with scDAOCS [8, 17, 18 ] set a practical target for engineering the enzyme for penicillin G. Previous attempts by other groups have created many mutant enzymes whose k cat (for penicillin G) has approached 0.15 s À1 [8] , however, the best K m obtained are still 10-fold higher than 0.01 mM. Therefore, a more efficient DAOCS toward penicillin G remains to be created.
